Abstract Removal of highly abundant proteins in plasma is often carried out using immunoaffinity depletion to extend the dynamic range of measurements to lower abundance species. While commercial depletion columns are available for this purpose, they generally are not applicable to limited sample quantities (<20 μL) due to low yields stemming from losses caused by nonspecific binding to the column matrix and concentration of large eluent volumes. Additionally, the cost of the depletion media can be prohibitive for larger-scale studies. Modern LC-MS instrumentation provides the sensitivity necessary to scale-down depletion methods with minimal sacrifice to proteome coverage, which makes smaller volume depletion columns desirable for maximizing sample recovery when samples are limited, as well as for reducing the expense of large-scale studies. We characterized the performance of a 346 μL column volume microscale depletion system, using four different flow rates to determine the most effective depletion conditions for ∼6-μL injections of human plasma proteins and then evaluated depletion reproducibility at the optimum flow rate condition. Depletion of plasma using a commercial 10-mL depletion column served as the control.
Introduction
Mass spectrometry (MS)-based proteomics applications in biomedical studies frequently involve analysis of biofluids such as urine, saliva, blood, and CSF [1] [2] [3] [4] [5] [6] [7] . Blood plasma is of particular interest as it can contain signature proteins indicative of disease state; however, the vast dynamic range of protein concentrations in plasma, which spans more than nine orders of magnitude, and the presence of highly abundant proteins inhibit detection and identification of lowabundance proteins by liquid chromatography LC-MS/MS in spite of peak capacities of ∼1,000 for a single dimension LC separation [8] . Similar problems have been observed with two-dimensional gel electrophoresis [9] .
A number of preanalysis fractionation and depletion methods have been reported as an effective means of reducing sample complexity [10] [11] [12] [13] [14] [15] . In particular, immunoaffinity columns have become a preferred tool for isolating lowabundance proteins in plasma prior to comprehensive MSbased proteomic analysis [16] [17] [18] [19] . The majority of these columns utilize antibody ligands supported by IgY or IgG Electronic supplementary material The online version of this article (doi:10.1007/s00216-014-8058-3) contains supplementary material, which is available to authorized users. [20] [21] [22] to bind high-abundance proteins and isolate lowabundance proteins in a flow-through fraction. The immunoaffinity-based column can lose their depletion efficacy over time and a potential removal of nontargeted proteins through nonspecific association to depletion column or a complex with target proteins such as albumin and transferrin have been reported [23, 24] . Nevertheless, the use of immunoaffinity columns can dramatically increase the number of protein identifications; for example, two-dimension LC-MS analysis of nondepleted and immunoaffinity depleted serum identified 262 of unique proteins of which 142 were observed only in the depleted sample and 38 only in the non-depleted sample [25] . Despite the effectiveness of immunoaffinity columns for removing high-abundance proteins, mediumabundance proteins can remain in the flow-through fraction. Removal of these medium-abundance proteins to further increase dynamic range and improve detection of very lowabundance proteins has been achieved via a tandem system that consisted of IgY12 and SuperMix [26] affinity columns [27] .
Factors to consider when selecting a depletion column include cost, required depletion efficiency, processing time, reusability, and sample capacity [12] . Another consideration is the potential for nonspecific binding, which causes the potential loss of interesting proteins through the attachment of proteins to the column materials [28, 29] . Both cost and nonspecific binding issues can be relieved by reducing the column volume. Spin column and tip-based methodologies are currently commercially available for this purpose. Spin columns are currently available for 8 μl of plasma; however, this geometry presents significant technical challenges for automation and problems with efficacy and reproducibility have been reported in the literature [30, 31] . Automation is possible with tip-based depletion when using a specialized liquid handler. Nevertheless, integration of tip-based depletion into an online system is not straightforward, the recommended loading volume is more than twice that used in this study, and tips are only rated for 30 uses. From this perspective, a microscale LC column is an attractive solution providing the high reproducibility and reusability of an LC format, and its compatibility with online sample handling provides the basis for full automation and further gains in sensitivity.
Here, we report a depletion methodology that features a microscale immunoaffinity column and offers several advantages, including high depletion efficiency, high reproducibility, reduced sample size requirements, and reduced cost. Furthermore, the microscale column produces elution volumes suitable for incorporating into an online automated system. Results from our evaluation using plasma samples show that the microscale column provides comparable performance in terms of reproducibility and identified peptides/proteins to a commercial column with equivalent sample loading relative to column volume. Following characterization with plasma, we applied the microscale depletion methodology to CSF which shares a similar set of high-abundance proteins with plasma, but has ∼10 2 lower total protein concentration [4] . This result in large volumes required for in-depth proteomic analysis, especially when immunoaffinity depletion is used [32] . CSF is particularly interesting in that it comes in direct contact with the extracellular surface of the brain, and alterations in the biochemical composition of CSF can reflect disorders related to the central nervous system. This makes it an attractive sample for studies related to neurodegenerative disorders such as Alzheimer's, Parkinson's disease, and multiple sclerosis [4, 33] .
Materials and methods

Ethics statement
Approval for the conduct of this study was obtained from the institutional review board of Pacific Northwest National Laboratory and the human ethics committee at the Faculty of Medicine of Uppsala University. Written consent was obtained from subjects.
Reagents
All chemicals were HPLC grade. The acetonitrile and isopropanol were purchased from J. T. Baker (Philipsburg, NJ, USA) and formic acid was purchased from Thermo Scientific (Rockford, IL, USA). Dilution buffer, stripping buffer, and neutralization buffer were purchased from Beckman Coulter (Fullerton, CA, USA). DTT, iodoacetamide, and TFA were purchased from Sigma-Aldrich. Formic acid was purchased from Thermo Scientific.
Preparation of depletion column
IgY14 human resin purchased from Sigma-Aldrich (St Louis, MO, USA) was packed into a PEEK column (150×2.1 mm ID, VICI, Houston, TX, USA) by slurry packing method. Briefly, a screen was placed in one end of column and the slurry of IgY14 resin was then pulled into the column using a 1 mL of auto pipette (Gilson. Inc., WI, USA). Once fully packed, a second screen was used to secure the resin in the column. Dilution buffer was kept flowing at 200 μL/min for 1 h to ensure the resin was packed uniformly. The depletion column was stored at 4°C until use.
Sample preparation and depletion of human plasma and human CSF Germ-free human plasma was purchased from Sigma-Aldrich (St Louis, MO, USA). The pooled plasma was diluted fivefold with dilution buffer and 30 μL of this sample (equivalent to 432 μg of plasma proteins) was loaded onto a 200-μL sample loop and injected onto IgY14 column. Dilution buffer with flow rates of 20, 80, 140, and 200 μL/min for the flowthrough fraction (FF) were collected for 50, 30, 25, and 20 min, respectively, to determine effective depletion conditions. Stripping buffer was then delivered to obtain bound fractions (BF) at a flow rate of 200 μL/min for all test conditions. Column stripping time was determined by UV trace and determined to be 40 min for the 200 μL/min flow rate. Finally, neutralization and dilution buffers were delivered at 350 μL/ min for 15 min for both of them for column regeneration. All buffers were delivered by a quaternary pump (Agilent Technologies, CA, USA). The proteins eluted from the depletion column were monitored using a Spectra 100 Variable UV/Vis CE Detector (Thermo, USA) at a wave length of 580 nm. All experiments were performed in duplicate. Collected fractions were concentrated using Ultra-4 3000 MWCO filter (Millipore, MA, USA) and then Trifluoroethanol (TFE) was added to the solution to be a 50 % of final concentration and incubated at 60°C for 2 h. Dithiothreitol (DTT) was added to a final concentration of 2 mM and then incubated for 1 h at 37°C. The sample was diluted 5×with NH 4 HCO 3 followed by addition of Trypsin at a mass ratio of 1 to 50 (trypsin:proteins) and incubated for 3 h at 37°C [34] [35] [36] . The sample was concentrated and stored in at −80°C until use for MS analysis. The depletion of human plasma with commercial IgY14 column (IgY14 LC-10, Sigma-Aldrich, St Louis, MO, USA) was performed according to the instructions from the company. Briefly, 12.555 mg of sample was loaded using dilution buffer at a flow rate of 0.5 mL/min for 25 min and then for 5 min at a flow rate of 2.0 mL/min. The flow rate remained constant at 2.0 mL/min for all remaining steps: stripping buffer for 18 min, neutralization buffer for 8 min, and finally dilution buffer for 9 min. All results presented in this study were depleted using IgY14 resin, either in microscale format or LC-10 format.
A pooled 600 μL CSF sample was derived by combining 200 μL aliquots from three patients with multiple sclerosis. The pooled sample was concentrated using Ultra-4 3000 MWCO filters to a final concentration of 4.49 μg/μL as measured by a BCA protein assay. Depletion was performed on 65 μL of the pooled CSF sample after dilution to a final volume of 200 μL with dilution buffer, equivalent to 292 μg of CSF proteins. The elution flow rate for the FF was 20 μL/ min while the rest of steps were the same as in the flow rate study using plasma. Following depletion, the FF and BF were concentrated using Ultra-4 3000 MWCO filters. The BF was washed with 50 mM NH 4 HCO 3 . To each fraction, 8 M urea was added followed by incubation for 1 h at 37°C, addition of 40 mM DTT, and a second incubation for 1 h at 37°C in the dark. Following alkylation, samples were diluted 10× with 50 mM NH 4 HCO 3 and then 1 mM CaCl 2 was added. Trypsin was added with the enzyme to substrate ratio of 1:50 followed by incubation for 3 h at 37°C. Desalting was performed using Discovery SPE cartridges with 1 mL of matrix volume (St Louis, MO, USA). The SPE cartridge was conditioned with 3 mL of MeOH followed by 2 mL of 0.1 % TFA. Samples were then slowly loaded, washed with a 4 mL solution of 5 % ACN and 0.1 % TFA, and the peptides eluted with a 1 mL solution of 20 % ACN and 0.1 % TFA. The eluted peptide samples were concentrated in a Speed-Vac sample concentrator, analyzed by BCA protein assay, and then stored at −80°C until use.
Liquid chromatography-mass spectrometry
The RPLC system used for analysis depleted human plasma samples consisted of an Agilent 1200 nanopump (Agilent Technologies, Santa Clara, CA) for gradient delivery coupled with a PAL autosampler (Leap Technologies, Carrboro, NC) for automated sample injection. An in-house prepared 35 cm× 360 μm o.d. × 75 μm i.d column containing 3-μm Jupiter C18 (Phenomenex, Torrence, CA) was used for reversed phase separations. Trypsin digests from both FF and BF (2.5 μg) were injected at 100 % of mobile phase (MP) A (0.1 % FA in water) and a constant flow rate of 300 nL/min and then the ratio of MP B (0.1 % FA in acetonitrile) was increased to 8, 12, 35, 60, and 75 % over the course of 2, 18, 55, 22, and 3 min, respectively. The reproducibility study (n=5) was performed only on FF samples using these same parameters. Analysis of depleted CSF tryptic digests (1.5 μg) by 1D-RPLC were performed on a nanoAcquity UPLC (Waters, Milford, MA) using the same mobile phases as described separations of human plasma samples. After high-speed loading onto a Symmetry C18 trap column (180 μm i.d. × 20 mm long, Waters) with 99 % MP A, MP B was increased to 8, 12, 35, 45, and 95 % over the course of 6, 54, 165, 66, and 8 min.
A Velos Orbitrap (Thermo Scientific, San Jose, CA) was used for all MS analyses. High-resolution (60 K) precursor scans were acquired from m/z 400 to m/z 2,000 followed by data-dependent ion trap MS/MS acquisition (isolation window=2, collision energy=35) of the top ten most abundant ions. Ions selected for MS/MS were excluded from selection again for 60 s, including any ions falling within −0.6 to 1.6 Da of the selected ion m/z. The ion transfer tube temperature and ESI voltage were 350°C and 2.2 kV, respectively.
Data analysis
The SEQUEST algorithm (version 27, revision 12) to search MS/MS spectra against reconstructed forward/reverse protein sequence databases, which were generated from two versions of Homo sapiens Uniprot SPROT protein database: H_sapiens_Uniprot_SPROT_2011-04-05 (20,238 protein entries) and H_sapiens_Uniprot_SPROT_2012-04-30 (20, 249 protein Entries). The MSGF algorithm [37] was used to rescore peptide-to-spectrum matches (PSMs) generated by SEQUEST. The plasma datasets were searched against the 2011-04-05 version of reconstructed database with no enzyme restraint and oxidation of methionine included as a dynamic modification. The CSF datasets were searched against the 2012-04-30 version of reconstructed database using no enzyme restraint with oxidation of methionine and cysteine alkylation as a dynamic modification. All subsequent data analyses were performed using in-house software, MDART beta, with the SEQUEST first-hit results files. The identified peptides were validated by filtering at 1 % false discovery rate (FDR) using MSGF spectral probability [37] , precursor mass error, and peptide length ≥7 as filtering parameters [38] . Protein identifications consisting of ≥2 unique peptide identifications were considered to be confident identifications. Depletion efficiency was defined as PSMs attributed to nontargeted proteins divided by the total PSMs obtained in the dataset times 100. Therefore, a depletion efficiency of 100 % indicates that 0 spectra were matched to IgY14 targeted proteins and a depletion efficiency of 50 % would indicate that 50 % of PSMs were attributed to targeted proteins and 50 % to nontarget proteins.
Results
Microscale online depletion system Figure 1 shows a schematic of the microscale depletion system and subsequent sample processing and analysis steps. The system uses capillary tubing to deliver buffers to a 346 μL IgY-14 depletion column via a quaternary pump that is directly connected to the #1 valve equipped with a 200-μL sample loop. Following the vendor recommended pressure limit of 300 psi for the depletion media, the system utilizes 1 mm i.d. Teflon tubing for all plumbing to ensure back pressure remains low. Note that the highest observed back pressure for any experiments at the highest flow rate (200 μL/min) was 174 psi (data not shown). Depletion is monitored by using an in-line UV detector at a wavelength of 280 nm.
Sample recoveries and depletion efficiencies based on flow rate study
To determine the effect of flow rate on depletion efficiency, we evaluated depletion at four different flow rates: 20, 80, 140, and 200 μL/min. Sample size in each case was 432 μg plasma proteins, which is an equivalent load amount to the commercial IgY14 column (12,555 μg) in proportion to column volume. Following depletion, both the flow-through fraction (FF) and the bound fraction (BF) samples were concentrated using Ultra-4 3000 MWCO spin filters and then protein recoveries were determined using the BCA protein assay (Fig. 2a) . Results from BCA protein assay revealed the average protein recoveries for FFs ranged from 2.4 % (10 μg) to 14.3 % (61 μg) for flow rates ranging from 20 to 200 μL/min, respectively. Comparatively, protein recovery in the FF from the commercial IgY14 column operated at 0.5 mL/min (manufacturer suggested flow rate) was 3.3 %. Proteins were eluted from all bound fractions (BF) at 200 μL/min, which resulted in similar sample collection times. Total protein recoveries from the bound fraction ranged from 44.0 % (190 μg) to 53.4 % (230 μg). Protein recovery in the BF from the commercial IgY14 column (elution flow rate of 0.5 mL/min) was 48.7 %.
Depletion efficiencies of both the microscale and commercial IgY14 columns were evaluated using LC-MS/MS spectral counting, as previously demonstrated for plasma and CSF Fig. 1 Schematic of the microscale LC system. V inj injection valve, Depl. Col. depletion column, UV ultra violet detector, FF flow-through fraction, BF bound fraction [39] [40] [41] [42] . Figure 2b shows the depletion efficiency of the FF for both the microscale column at different flow rates and the commercial IgY14 column operated at 0.5 mL/min per manufacturer specifications. Note that the depletion efficiency in the FF of the microscale column decreased from 92.8 to 52.2 % as flow rate increased from 20 to 200 μL/min, i.e., depletion efficiency increased as flow rate decreased. The percentage of spectral counts attributed to target proteins in the BFs did not exhibit significant differences, ranging from 80 to 85 %, data not shown.
Identification of nontarget peptides and proteins after depletion
The microscale depletion resulted in increased numbers of nontarget (low-abundance) peptide identifications as the flow rate decreased (i.e., as depletion efficiency increased). One thousand five hundred eighty-seven unique peptides were confidently identified in the 20 μL/min depletion test, which is comparable to the 1,584 unique peptides identified following commercial IgY14 column (Fig. 3) . In terms of nontarget proteins, the number of identifications following microscale column depletion at 20 and 80 μL/min were both 115, which is slightly higher than the 102 nontarget protein identifications facilitated by the commercial IgY14 column (Fig. 3) . Nontarget protein identifications following depletion at 140 and 200 μL/min were comparable to the commercial IgY14 column depletion.
Reproducibility of the microscale depletion system
To evaluate the reproducibility of the microscale depletion system, five replicate depletions of high abundance proteins in 432 μg human plasma were carried out at 20 μL/min. The FFs were concentrated, digested with trypsin, and analyzed using LC (100 min)-MS/MS. The depletion efficiency in the FF of the five replicates varied between 91.2 and 90.8 % with a standard deviation of 0.34 (data not shown), which is consistent with the 92.8 % obtained in the flow rate study.
We investigated the linear correlations of spectral counts for 122 protein identifications observed in common among the five replicates using a comparison method that has been reported useful in other studies [36, 29] . In our evaluation, each replicate was plotted against all other replicates (Fig. 4a) ; only proteins having >2 spectral counts for each replicate were used. All plots showed correlation coefficients (R 2 ) >0.97, demonstrating excellent reproducibility. We further compared the spectral counts for each of the target proteins that were detected in the FF fraction ( Table 1 ), demonstrating that the bleed-through of target proteins is also reproducible. A total of Fig. 3 The number of a nontarget peptides and b nontarget proteins of human plasma after depletion using the sample obtained from flow rate study with two replicates 2,208 unique peptides, mapping to 129 proteins, were identified in these 5 analyses. Of these 129 proteins, only 7 proteins were identified in a single analysis and 97 proteins were identified by 2 or more unique peptides in all 5 datasets (Fig. 4b) . Strong overlap of identifications between replicates also suggests reproducible depletions.
Initial demonstration with CSF
To evaluate performance of the microscale depletion system for another biofluid of interest, 600 μL (292 μg protein) of CSF was depleted at 20 μL/min. CSF is similar in composition to plasma; however, the protein concentration is ∼100-fold less [4] . The protein yield determined by BCA protein assay for the CSF depletion was ∼10 % (27 μg), which is ∼fourfold higher than plasma at this flow rate. This high yield when compared to plasma suggests that our microdepletion column is suitable for even smaller CSF samples than utilized in this study. LC-MS/MS analysis was carried out using 700 ng FF and an extended 300 min LC separation (longer than used for the plasma study, but in line for CSF samples) to increase the number of protein identifications. Seven thousand one hundred nine peptides were identified that covered 528 proteins at 1 % FDR (Fig. 5) . Fig. 4 The reproducibility of the microscale IgY14 column was evaluated using five replicate analyses of human plasma. Flow-through fractions were analyzed by LC-MS/MS and correlation comparisons were carried out using spectral counting data. a Comparisons contain 99 proteins that were present across all 5 replicates. Evaluation of correlation between replicates produced an R 2 >0.98, indicating strong correlation between replicates. b Symmetric Venn diagram of confident protein identifications by replicate. The Venn diagram was created using web tools hosted by the Bioinformatics and Systems Biology of Gent 
Discussion
This study addresses the need for a microscale depletion system to overcome some drawbacks of using typical immunoaffinity methods in terms of relatively large sample sizes and the cost. Current proteomics technologies based upon nanoESI-MS can achieve sub-attomole protein detection [43] . With this in mind, we fabricated a microscale depletion column to remove high abundance proteins that preclude analysis of lower abundance proteins. Characterization of the column at different flow rates showed that the number of identified peptides and the depletion efficiency of the FF increased as the depletion flow rate decreased (Fig. 2b) . We hypothesize that this increase in depletion efficiency is the result of increased binding of the target proteins to IgY antibodies facilitated by longer residence times in the depletion column. More efficient removal of targeted proteins consequently resulted in an increase in peptide and protein identifications. At the 20 μL/min flow rate, our microscale column produced higher depletion efficiencies and delivered comparable peptide and protein identifications to the commercial IgY14 column with much larger sample loadings. This hypothesis is further supported by the increasing protein mass yield as flow rate is increased, shown in Fig. 2a , where additional mass is contributed by increasing contamination of the FF fraction by targeted proteins. Results obtained from the commercial IgY14 column are also consistent with this hypothesis which is evaluated by LC-MS/MS spectral counting (Fig. 2b) . The depletion efficiency of the commercial IgY14 column using manufacturer's specifications was 81.2 %, which falls between the efficiency values obtained for 20 and 80 μL/min flow rates. Consistent with our hypothesis, the protein mass yield for the commercial IgY14 column (3.3 %) is intermediate between the yields for the 20 and 80 μL/min flow rates of 2.4 and 9.3 %, respectively. This increase in efficiency is accompanied by an expected decrease in protein yield. Another interesting observation of these experiments was that the depletion efficiency affected not only the number of nontarget proteins that were identified, but also which proteins were identified. The average overlap between protein identifications at different flow rates was 65 %, which was similar to the average overlap with the commercial IgY14 column, 67 %. This is significantly lower than the average overlap among replicate runs in the reproducibility study of 81 %. This is likely due to the differing presence of proteins co-depleted with target species as well as the impact of undersampling owing to the complexity and dynamic range of plasma [26, 29, 44] . Furthermore, the identification of more unique peptides yielded a limited increase in protein identifications. This effect was most pronounced in the commercial IgY14 column depletion where only 102 proteins were identified from 1,584 peptides as compared to 115 proteins identified from 1,587 peptides at the 20 μL/min flow rate. Closer analysis of results from the commercial IgY14 column depletion revealed higher coverage for large, high-abundance proteins when compared to microdepletion samples. It is likely that this bias towards coverage over higher identifications is introduced by the different sample handling methods used to accommodate large differences in sample size and is not interpreted as inferior performance for the purposes of this study. Comparison of protein identifications in the 20 and 80 μL/min reveals a similar trend where improvements in depletion efficiency result in higher coverage of identified proteins but not necessarily a gain in identifications. These finding suggest that longer separation times and depletion of more high-abundant plasma proteins would enhance the benefits of our microdepletion system.
A major motivator for this work was to decrease the sample losses associated with immunoaffinity depletions allowing for the utilization of smaller sample sizes (<20 μL for plasma). This would allow in-depth proteomic analyses from a single fingerstick specimen, and in the case of CSF, greatly reduce the required amount of this valuable clinical commodity. In our experiments with the commercial IgY14 column, approximately 52 % of the loaded protein was recovered, representing a loss of ≈6 mg of protein. A portion of the observed protein losses is presumed due to small proteins and peptides passing through the MWCO filter, as well as to proteins binding to the MWCO filter, as reported elsewhere [12, 45] . Losses due to small proteins and peptides should contribute the same relative sample loss for both the commercial column and microdepletion columns; however, smaller FF volumes facilitated the use of 1.5 mL spin concentrators instead of the larger 15 mL concentrators used with the commercial IgY14 column reducing losses at this step. Another portion of the losses can be attributed to nonspecific binding of proteins to components of the LC and depletion column. Nonspecific binding can be due to binding between (1) nontarget and target proteins, (2) nontarget proteins and antibodies linked to the column matrix, and/or (3) sample proteins and the solid support of the antibody, column, and tubing walls. In the first case, the relative loss of nontarget proteins would be unaffected by reducing column size. However, in the second two cases, losses can be reduced by Fig. 5 Comparison of peptide and protein identifications from CSF after IgY14 microscale depletion followed by 300 min LC-MS/MS decreasing the surface area that the sample comes into contact with. In this study, we were able to recover 49 % of the protein from the 432 μg injection, losing only ≈220 μg of sample proteins.
We chose CSF for the initial application of our microscale depletion column. Because of the greatly decreased protein concentration of this biofluid, the application of immunoaffinity depletion to this sample type has been largely limited to large samples (>1 mL) [32, 41, 46] . In studies with smaller mammals, such as mice where <100 μL of CSF can be obtained [47] , immunoaffinity methods become unworkable. The aim in future research is to combine our microscale depletion column with highly sensitive online sample handling approaches [48, 49] , permitting reproducible, in-depth proteomic analysis for these limited samples. Thus, CSF analysis is an important driver for our development of microscale depletion technologies. In CSF, the depletion efficiency in the FF was found to be 93.4 %, which is similar to the 92.8 % observed for plasma at the same flow rate; however, protein yield by mass increased from 2.4 % in plasma to 10 % in CSF. This observation is primarily attributed to the different relative abundances for targeted proteins in CSF relative to plasma, and suggests that major protein depletion from CSF could benefit from optimizing the antibody composition of the column for this sample type. While we identified 528 proteins from 292 μg (600 μL) protein starting material (LC-MS/MS, 300-min separation), this number will vary depending on the separation methods (i.e., single-or multidimensional LC separation and types of column material), sample loading amounts, and MS instrument type [32, 41] . The results obtained in our study compare well with reports in the literature that utilize larger sample volumes. A summary table of literature results for recent CSF studies for comparison is given in Electronic Supplementary Material Table S1 [32, 41, 46, 47, [50] [51] [52] [53] [54] . For instance, Borg et al. identified 156 proteins with 750 μg of CSF sample of a pool from 5 patients using IgY 14 and also identified 535 proteins with the same amount of CSF sample using IgY HAS RP30, in which BEH130 TM C18 analytical column and LTQ-FT Ultra mass spectrometer were used for a mass spectrometry [41] . All identified proteins obtained from human plasma and CSF in this study are listed in Electronic Supplementary Material Table S2 including protein identifications consisting of ≥1 unique peptide.
This work has demonstrated the feasibility of microscale immunoaffinity depletion of complex biofluid samples through the successful application of LC-based depletion to biofluid samples of 6 and 600 μL of plasma and CSF, respectively. Our microscale depletion column produces proteomic measurement quality that is comparable to protocols which require much larger sample volumes as well as large volumes of expensive immunoaffinity resins. Additionally, the column format provides ease of automation and high reproducibility, which are critical to successful proteomic investigations. This work represents the first step in building an online, automated biofluid analysis system. We anticipate that the increased sampling handling efficiency obtainable in online systems will allow for further decreases in depletion column size, resulting in further increases in sensitivity.
